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Food demand is directly associated with the human population. Due to various plant diseases, there has been

a reduction in crop yield. There is an extreme necessity to low such losses in crop yield to meet the rising demand
for food. Novel and eco-friendly control approaches should be developed for combating bacterial diseases of crops.
Recent control strategies that involve the usage of antibiotics or chemicals are no more effective because of resist-
ance developed by bacterial species. Furthermore, the usage of such agents has proven to be not environmentally
friendly. To overcome these issues, bacteriophages are used as an alternative solution. Phages are viruses that attack
specific bacterial species, and within current years much consideration is received by them in controlling different
diseases caused by bacteria. Phages can be used for controlling different crop-related diseases. Several phage-based
products are accessible in the market. Compared to chemical control methods, phage biocontrol offers several
advantages. Mixtures of phages can be employed to target pathogenic bacteria. Unlike chemical control strategies,
phage mixtures can be readily adjusted to counter any potential resistance. This review summarizes the use of phages

Background

The global population is expected to grow about 9.6 bil-
lion by the year 2050, which projects the emergence of
scarcities of agricultural and food resources. To meet
the demands of a growing food supply, crop production
is likely to increase by about 70-80% by improving the
efficiency of agricultural units (Raina et al. 2022). Nor-
mally, the crops are largely subjected to several factors
like climate change, the gap in technology, pests, and
plant diseases that lower the pace of production (Wang
et al. 2022a, b). Specifically, plant diseases affect about
10% of global food in developing and emerging coun-
tries. The major plant pathogens include several parasitic
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plants, fungi, viruses, nematodes, and bacteria that are
also known as phytopathogens (Daulagala 2021). Two
hundred bacterial phytopathogens have been reported
yet, and the most important genera of these pathogens
are Xanthomonas, Ralstonia, Erwinia, Pseudomonas, and
Pectobacterium. These pathogens are very high in viru-
lence and can adapt to changing environments and are
difficult to handle. Efficient disease control management
is very crucial for a stable and effective food supply to
consumers.

Antibiotics and copper compounds are considered the
best antibacterial agents for the control of phytopatho-
genic bacteria. They are readily available and often used
worldwide to control pests’ attacks on several crops and
affect productivity (Pereira et al. 2021). Antibiotics that
are used widely include tetracycline, streptomycin, and
kasugamycin, but they have some risks associated with
them like emergence of resistant species, which cause
hindrance in the management of plant diseases (Miller
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et al. 2022). The application of copper-based compounds
as pesticide affects both the environment and the agricul-
tural system. They cause phytotoxicity and bioaccumula-
tion of these compounds on the surface of soil also occurs
that leads to a reduction in microbial diversity (Tudi et al.
2021). Recently, several classes of control agents like pes-
ticides and antibiotics have been completely banned in
western countries due to their undesirable toxic charac-
teristics (Alengebawy et al. 2021).

While taking into consideration all the damaging
effects of pesticides on crop productivity, the alternative
control agents of plant diseases having desirable charac-
teristics are needed to be synthesized urgently (Elnahal
et al. 2022). The best possible way to achieve this target
is by using new tools and machinery based on biocontrol
agents (BCAs) that synthesize a pest control agent with
minimal negative impact on the environment. Biocon-
trol of plant diseases mainly includes the use of micro-
organisms (Izraeli et al. 2021). Biological control means
utilizing the living entity for the control of any pathogens
and parasites of plants. Biocontrol agents are capable to
suppress the activities of pathogenic bacteria as well as
their reproduction. Moreover, the basic idea of biocon-
trol agents majorly involves the strategy to reduce the
incidence of disease by either direct or indirect manipu-
lations of the microbial population (Bhardwaj et al. 2022).

The use of bacteriophage as a biocontrol agent (BCA)
has become a major growing interest to deal with phy-
topathogens (Pandit et al. 2022). Phages are viruses that
infect bacteria only with no harmful effect on plants and
animals. Bacteriophages have been discovered in the
twentieth century and are considered as most abundant
and diverse in the natural environment and affect vari-
ous ecological and biological processes having their role
in bacterial mortality and genetic exchange (Chevallereau
et al. 2022). They can be found in every domain or habi-
tat, mainly in the soil and oceans. They infect the bacteria
by using lysogenic or lytic cycles (Jamal et al. 2019). In
the case of the lysogenic cycle, a bacteriophage integrates
its genome directly into bacterial cell chromosomes after
which they replicate and form daughter cells (Abedon
2022). They initiate the infection by attaching themselves
to specific bacteria by adsorption and inserting their
genome into the bacterial cytoplasm. In the case of the
lytic cycle, phages are intended to utilize the ribosomes of
host bacteria to make their proteins right after the injec-
tion of genetic material. At the end of this cycle, phage
has produced some virion components that are lysin and
holins. Lysins are also known as endolysin that cause lysis
of bacterial cells (Murray et al. 2021). The virulent nature
of lytic phages along with their exponential increase in
numbers after each infection cycle makes them the best
alternative of pesticides use (Boyer et al. 2022).
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In the year 1920, phages were discovered, and right
after a decade, they were subjected to be used as a poten-
tial therapeutic agent in the agriculture sector. Many
plant diseases caused by bacterial pathogens like Xan-
thomonas campestris, Pseudomonas syringae, Dickeya
solani, and Erwinia amylovora have been reported to be
cured by bacteriophages (Holtappels et al. 2021). In this
review, some major aspects regarding bacteriophages like
history, life cycle, limitations, advantages as well as com-
mercialization and control applications of bacteriophages
as biocontrol agents have been summarized.

History of bacteriophages in controlling phytopathogens
Bacteriophages were discovered by Frederick Twort and
Felix d’'Herelle in the year 1917. Formerly, some other
findings were also being reported about the bacterio-
phages, but these two were the first ones who suggested
the existence of bacteriophage (Aswani and Shukla 2021).
Moreover, the therapeutic potential of bacteriophage
was being reported in the year 1919 by d’Herelle, while
treating patients infected with diarrhea in Hopital des
Enfants-Malades in Paris (Leitner et al. 2021). After that,
many other scientific studies were carried out to treat
several bacterial infections like cholera and Staphylococ-
cal infections by using bacteriophages in humans (Alo-
mari et al. 2021). Furthermore, plants and crops were also
subjected to phages for treating bacterial diseases. In the
year 1924, scientists carried out studies regarding disease
management in plants by using filtrate of cabbages after
decomposition that successfully inhibited the growth of
Xanthomonas campestris on cabbage crop (Nakayinga
et al. 2021). Similarly, in 1925, a bioassay was carried
out by a group of researchers in which soft rot diseases
on carrots and potatoes were controlled effectively (Lee
et al. 2021). Practically, the first-ever successful field trial
of bacteriophage was carried out in 1935 in which Stew-
art’s wilt disease caused by Pantoea stewartia was treated
(Jones et al. 2021). Bacteriophage was introduced to treat
highly virulent strain of Agrobacterium tumefaciens and
thus inhibited the activity of bacterial strain completely
(Grace et al. 2021).

Recent applications of bacteriophages for controlling
phytopathogens

Almost every phage-based research and publication is
confined to the isolation and characterization of bacteri-
ophages, while some of them gave insight into the poten-
tial of phage therapy (Hatfull et al. 2022). Bacteriophages
possess a wide range of biocontrol applications that are
widely used in the field of agriculture to protect plants
from various bacterial diseases (Stefani et al. 2021). Sev-
eral transgenic plants express the specific bacteriophage
enzymes for their survival and protection from bacterial
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pathogens (Harshitha et al. 2022). In the last decade, sev-
eral bacterial plant pathogens were described by numer-
ous scientists and pathologists. Out of them, one of the
most important plant pathogens is the P. syringae respon-
sible to cause several plant diseases in monocots as well
as in dicot plants from all over the world (Sakata et al.
2021). To check the efficacy of phage in this case, two
different field trials were conducted on a phage cocktail
of about six isolated bacteriophages. This trial was car-
ried out by using a phage as a biocontrol against P. syrin-
gae that caused the bacterial blight disease in leek. So, it
was evident from the experiment that the phage cocktail
has the potential therapeutic cure for the bacterial blight
disease and successfully eradicates the plant infection
caused by the P, syringe (Liu et al. 2021a, b).

Bacteriophages that are used for biocontrol in agri-
culture must be stable enough in the environment to
tolerate (UV) radiations, temperature fluctuations, and
chemical agents and must be lytic (Wang et al. 2022a,
b). Agriphage is a phage-based product, produced by
the approved US company Omnilytics, which can con-
trol the bacterial spot diseases of peppers and tomatoes.
Several bacteriophage enzymes such as ®Xo411 and
Lys411 have been isolated showing lytic activity against
the Xanthomonas (Grabowski et al. 2021). Phage should
be applied directly while treating bacterial infections at
early stages for better and more efficient results. Refer-
ring to experimental trials, Xanthomonas campestris
pv. pruni is a bacterial pathogen that causes leaf spots.
It was subjected to two different treatment approaches.
In the initial phase, the treatment was administered one
hour prior to the bacterial inoculations, while in the
subsequent phase, it was applied 24 h in advance of the
bacterial inoculation (Clavijo-Coppens et al. 2021). The
results were quite astonishing during the first trial. Lately,
the sensitivity was checked to monitor the phage sur-
vival in different climatic conditions in both controlled
and uncontrolled conditions. Fruits were also treated
with phage suspension, and 92% of tested fruits did not
develop the disease. The 10 times decrease in popula-
tion of phage was noticed compared to phage applied
in controlled climatic chamber. The only reason for the
decrease in the phage population is adverse environmen-
tal conditions like dehydration, UV radiations, and high
temperature (Al Raish et al. 2021). Moreover, scientists
have also demonstrated that the activity of phage con-
cerning their time for a specific application like dawn and
dusk is the most convenient time for the better activity of
phage. At those specific times, the reduction of UV radia-
tion is observed, which increases the efficiency of phage
activity (Wintachai et al. 2022).

The selection of suitable bacteriophages in growing
conditions is also an important element. RSL1 is a phage
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against bacterium Ralstonic solanaceum, which showed
a significant resistance pattern when exposed to high
temperatures, i.e., 37-50 °C. Tomato plants, infected
with bacterium R. solanaceum, were wilted after 4 days
of infection. However, when these plants were exposed
to phage RSL1, no wilting pattern was observed. Phage
RS1 can prevent the wilting pattern in these plants by
limiting the growth of R. solanaceum cells (Sasaki et al.
2021). In recent studies, potatoes and tomatoes are the
two most important crops that are highly benefited from
phage biocontrol applications. In European countries, a
potential phage has also been formulated for the control
of D. solani. In the last decade, a bioassay was conducted
in a field trial in which phage (LIMEstonel) was used. In
this bioassay, seed tubers (cultivar Bintje) were inocu-
lated with a specific host bacterium and phage (with an
MOI of 100) (Bartnik et al. 2022). Tubers inoculated with
phage and bacterium showed only 10% maceration of tis-
sues as compared to the control, which exhibited 40% tis-
sue maceration. Streptomyces scabies is a Gram-positive
bacterium responsible for causing infections on potatoes
leading to the formation of corky lesions generally known
as common scabs and results in reduced growth of seed-
lings. The pathogen can be effectively treated by using
phage so the chances of infection in potato crop can be
successfully eliminated. In summary, the above studies
demonstrate phage potential in treating various plant dis-
eases (Abdelrhim et al. 2021).

Bacteriophages have also been used in field conditions
and greenhouses. To control R. solanacearum, phage
was applied directly into the rhizosphere through soil
drenching that was effective in the suppression of the
development of wilting in the tomato plant (Kizheva et al.
2021). In the case of other soil-borne pathogens like Xan-
thomonas euvesicatoria, X. campestris pv. campestris,
and P. carotovorum subsp. carotovorum, foliar spraying
method was used to eradicate the disease incidence in
plants caused by these pathogens. Furthermore, another
application regarding the potential of filamentous phage
has also been reported. The filamentous ®RSM-type
phage enhances the eradication of R. solanacearum in
tomato plants (Umrao et al. 2021).

Besides biocontrol applications, some significant fac-
tors affect the phage effectiveness used in the field of agri-
culture. In a recent evident study, it was demonstrated
that the pH of the fruit has a vital impact on the phage
stability as well as its activity (Bastas and Baysal 2022). In
the case of fresh-cut melon, application of the potential
phage cocktail that is specific to Salmonella was effective,
as the bacterial population was significantly reduced by
3.5 logs at 10 °C and 2.5 logs at 20 °C. Conversely, in the
case of apple, the same phage cocktail was applied and no
reduction in bacterial population was observed. It was
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predicted that it may be possible due to the low pH of
apples (Sliwka et al. 2022).

To ensure the formulations of phage in such a way
that it can possess a wide host range, multiple phages
were combined into a mixture known as a bacteriophage
cocktail. It is an effective way to recompense the host
range limitation of a single bacteriophage. This tech-
nique can also eradicate the chances of the development
of phage-resistant bacteria (Rahimzadeh et al. 2021).
Studies regarding the effectiveness of phage cocktail on
Xanthomonas are also quite important to invective the
impact of different environmental factors on phage ther-
apy (Nga et al. 2021). Recently, a study reported regard-
ing the biocontrol activity of phages against P syringae.
Aerosol of single phage containing 5% sucrose and 3%
corn flour sprayed on bean leaves before inoculation of
P. syringae. The disease severity was reduced about 60%
when a single phage was used and about 70% reduction
was observed by using a phage cocktail (Rasool et al.
2021). Moreover, further research is needed in the field
of agriculture to implement the role of bacteriophages
on a global scale. In crops propagation, the stability of
phage cocktails mainly depends upon phage resistance to
adverse environmental factors (Farooq et al. 2022).

Lytic proteins of bacteriophages for controlling
phytopathogens

Bacteriophages have evolved numerous strategies to
release hundreds of new progenies from the host to the
external environment (L.o$ et al. 2021). Most filamentous
phages constantly release new virions from the host cell
through extracellular vesicles without lysing the bacte-
rium. While in some cases, bacteriophages release their
progenies through lytic enzymes which are a quite bene-
ficial in controlling the pathogenic bacteria as the phages
possess a wide range of hosts. That’s why they can easily
eliminate the risk of the development of resistant strains
by reproducing and infecting a wide variety of bacterial
strains.

Bacteriophages have evolved group of lytic enzymes
that are responsible for the degradation of the peptidogly-
can layer of the bacterial host. These enzymes are known
as endolysin (Abdelrhim et al. 2021). During the late
stages of replication, these hydrolases are activated with
the help of holin proteins and destroy the peptidogly-
can (PQG) layer of the bacterial host which results in the
release of progeny virions. Endolysins are classified into
five different groups based on the bonds in peptidoglycan
they target. Phage infecting Gram-negative bacteria pro-
duces endolysin with a single globular domain known as
enzymatically active domain EAD that is responsible for
the digestion of the PG layer (Deka et al. 2022).
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Endolysins CN77 and CMP1 have also been reported
for lysing Clavibacter nebraskensis and C. michigan-
ensis  respectively. The endolysin can lyse C. michi-
ganensis subspecies specifically without affecting the
soil bacteria (Zhang et al. 2022). Moreover, endolysins
have extended activity and they are capable to infect
other opportunistic pathogens like Stenotrophomonas
maltophilla, Pseudomonas aeruginosa as well as Xan-
thomonas species by simply degrading their peptidoglycan
(Diallo et al. 2021).

Bacterial leaf blight is a rice crop disease caused
by Xanthmonas oryzae (Liu et al. 2021a, b). Several
endolysins such as ®Xo411and Lys411 have been isolated
to show wide lytic against Xanthomonas spp (Rahman
et al. 2021). Recently, a new endolysin is discovered from
bacteriophages effective against Agrobacterium tumefa-
ciens. It is a soil-borne pathogen that causes severe dis-
eases in orchard crops (Valencia-Hernandez et al. 2023).

Expression of genes of endolysin in several plants is a
way to reduce resistance in pathogenic bacteria. Clavi-
bacter michiganensis is a species that causes bacterial
infections such as wilt and canker in the tomato plant
(Sato 2022). This infection can be prevented by using
a bacteriophage endolysin, namely CMP1, normally
expressed by transgenic tomato plants. The application of
endolysin was not only limited to bacteria as its effect has
also been noticed in various cases of fungi. A remarkable
resistance pattern to infection has been observed when
T4 lysozymes bacteriophage was introduced into those
plants that have been infected by several species of fungi
like Magnaporthe oryzae and Rhizoctonia solana.

The endolysin can disrupt the cell wall of Gram-
negative and Gram-positive bacteria when applied
exogenously and have the potential to hydrolyze the
peptidoglycan layer of Gram-positive bacteria more
easily due to the absence of their outer membrane (Lee
et al. 2022). This characteristic makes them an alterna-
tive source of antimicrobials especially in controlling
bacterial drug resistance. Their modular structure with
different binding and catalytic domains are a tool for
the development of bioengineered lysin products with
higher activity and desired properties. The engineering of
endolysins allows swapping among different domains to
enhance their efficiency by increasing their lytic activity.
The engineering of endolysin also results in the produc-
tion of chimeric enzymes with improved solubility and
binding affinity (Sabri et al. 2021).

Use of bacteriophages with other strategies for controlling
plant diseases

Researchers have started examining outcomes caused by
a combination of phages with other disease control meas-
ures. The hypersensitive response of different phages in
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several infected plant models has been studied against
Xanthomonas spp (Abdelsattar et al. 2021). The com-
bined technique of phage with other control agents and
chemicals like copper hydroxide with mancozeb resulted
in synergistic benefits in the control of pathogens of vari-
ous plants. Copper and mancozeb can help in the control
of plant disease as they can enhance the penetration of
the plasma membrane (Sulley et al. 2021).

Other evidence regarding the combination of phage
with other control strategies in plants has also been
reported. Pantoea agglomerans has been considered as an
excellent biocontrol agent as they can suppress fire blight
in some plants caused by Erwinia amylovora (Biosca et al.
2021). Besides, the enhanced biocontrol activity would
be achieved if it is used with the combination of phage.
A similar enhancement has also been observed in the
case of treating tobacco bacterial wilt. When Ralstonia
solanacearum, a bacteriocin-producing strain, was used
with the combination of phage, remarkable results were
obtained (Nakao et al. 2021). Besides, there is an organic
compound, namely Acibenzolar-S-methyl (ASM), that is
commonly used as a fungicide has shown increased con-
trol activity when it was combined with bacteriophage
against bacterial disease in the tomato plant (Gao et al.
2021).

The combination of phage with antimicrobial agents
has contributed well to the reduction of several plant
diseases. Systemic acquired resistance (SAR) is a kind
of resistance in plants acquired due to exposure to sev-
eral virulent and pathogenic microbes (Das 2021). SAR
inducers combined with other antibacterial agents have
been evaluated. Bacteriophage shows an effective control
phenomenon when used in the combination of acibenzo-
lar-S-methyl (ASM). The ASM is a synthetic compound
related to the plant defence hormone salicylic acid and
helps in inducing systemic acquired resistance (SAR)
against several pathogens in plants.

Employing carrier bacteria with bacteriophages

for controlling phytopathogens

Besides several environmental factors, the abundance of
host bacteria can also cause variations in phage count. To
improve the activity and efficiency of phage, the idea of
the combination of phage with non-pathogenic bacteria
has been raised (Diizgiines et al. 2021). Non-pathogenic
carrier bacterium should be used with the combination
of phage, as it will not cause any harm to the plant nor
phage properties. In this regard, several strategies have
been investigated (Gayder 2021). Recently, a group of
researchers have isolated Erwinia amylovora phages to
characterize them and to use them with carrier bacte-
ria. Initially, a temperate phage was used that was capa-
ble to infect E. amylovora species as well as a saprophyte
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(Doukkali et al. 2022). Currently, a carrier system of P
agglomerans has been combined with the phages that had
reduced the risk of blossom blight diseases. This com-
bination also reduced the risk of fire blight in the plant
as well. In a nutshell, co-application of phage with car-
rier bacteria has reduced the risk of infection to a greater
rate (Meile et al. 2022). This process is considered as eco-
nomical as they do not need any purification which is an
advantage too.

Challenges and issues associated

with bacteriophages for controlling
phytopathogens

Though the use of bacteriophages to control bacterial
plant pathogens was successful at early stages, phage
therapy did not end up to its potential and applied anti-
bacterial stratagem for the control of pathogenic plant-
bacteria because of issues with reliability and efficacy.
In 1963, Okabe, a forerunner in the field, concluded, in
general, that phages appeared to be inefficient as a con-
trolling agent. Furthermore, their narrow range of action
against a particular bacterial strain puts them in a diffi-
cult spot against various antibacterial agents, i.e., anti-
biotics, which have had an extensive range of action
(Majkowska-Skrobek et al. 2021).

Emergence of bacterial-resistant strains

against bacteriophages

While considering phages to be used as biological con-
trol agents, the real concern is the possibility of bacterial
mutation that makes them resistant to specific phages.
As various studies have shown, when identifying an
appropriate phage as a biocontrol agent, the major factor
that could be drastic is genetic variability shown by bac-
terial strains related to specific plants that might not have
existed previously (Larrahondo-Rodriguez et al. 2022).
For example, Xanthomonas campestris pv vesicatoria, a
bacteria linked with the bacterial spot disease of pepper
and tomato, now has about four different species (Balogh
et al. 2008). Different phages are required to control
the disease for each of the four strains because phages
are mostly specific to a particular strain of a species of
bacteria. Besides, there could be a significant change in
the specificity of phage to different strains in a bacterial
species.

Selection of right phage

Different criteria for selection have been used by
researchers to identify phages to be used as part of the
biological control of phytopathogens. For biological con-
trol experiments, from a collection of eight phages, a lytic
phage with the widest host range was chosen against X.
campestris pruni, a pathogen linked with a bacterial spot
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of peach and plum. Balogh (2006) observed in a study
on X. citri that causes bacterial citrus canker, that on the
surface of leaves of grapefruit, phages differ in their abil-
ity to multiply and interact with host bacterium. It was
also tracked down in vitro traits, for example, plaque
size, the ability to reproduce in liquid media, or the effi-
cacy to decrease bacterial counts in liquid media against
bacterial tomato spot (Balogh, un-published results). Evi-
dently, before the implementation of phages as efficient
a biocontrol agent their pre-screening is recommended
rather than randomly choosing them based on their lytic
activity only (Villarroel et al. 2016).

Persistence of bacteriophages in rhizosphere

and phyllosphere

Because the efficiency of biocontrol is affected by the
density of targeted pathogen and biocontrol agents,
maintaining the high populaces of biocontrol agents in
a close environment to the targeted bacterium is quite
important. To target the bacterium, phage should be
present above the particular threshold level; lower than
the threshold level it will have a lesser effect on the tar-
geted bacterium and consequently control of the disease
(Abedon 2015). The physical accessibility of targeted bac-
terium to phage is one factor that must be considered
related to the phyllosphere other than target bacterium
and phage densities. In 2015, Abedon mentioned the
probability of targeted bacterium living in spatial escapes,
which are unreachable to the biocontrol agent (Dewald-
Wang et al. 2022a, b).

The administered phage populations could decrease
over time because of the extremely deleterious environ-
ment of the phyllosphere. In the phyllosphere, the major
limiting factor for phage therapy is the short-lived per-
sistence on surfaces of the plant leaves. The viruses were
inactivated by low and high pH; sunlight and increased
temperature were easily removed by rain. The most
destructive of all the ecological factors are the spectra
of sunlight (wavelength range 280-400 nm) UV-A and
UV-B for the survival of the virus. Though the application
of phage in the early evening or late afternoon helped in
the persistence of the phage, letting the phage population
increases to react with bacterial strains on the surfaces of
the leaf.

Advantages of using bacteriophages over other
techniques

Without any harm, humans are exposed to phages daily
as phages exist in the environment naturally, as compared
to chemical biocides. If the target bacterial host is reach-
able to the phage, their numbers increase after applica-
tion (Majdinasab et al. 2021). However, phages manage
to multiply if the target host is available to them. Unlike
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metal-based pesticides, phage does not efficiently accu-
mulate in the soil (Lopez-Martin et al. 2021). Generally,
phages only target a specific strain of bacterium within a
species. Basit et al. (1992) isolated a phage that could kill
the bacterium that did not help in nitrogen fixation, but
was not able to infect the strain Bradyrhizobium japoni-
cum that help in soyabean growth because of its nitro-
gen-fixing properties, ultimately leading to better crop
growth (Azeredo et al. 2021).

A significant factor in the virulence of plant pathogens
is biofilm formation. It is involved in the resistance of
bacterial plant pathogens to metal bactericides (Fessia
et al. 2022). But phages have adapted to cope this prob-
lem of biofilm, by the release of depolymerase enzymes
that destroy the biofilm material, making the recep-
tors on the surface of the target bacterium accessible to
the phage (Born et al. 2015). The increasing consumers
demand for chemical-free preservatives, and biocide-free
food products have led to limited use of chemicals on
crops. Phages could be registered as biopesticides as they
naturally exist in the environment, which makes them
appropriate for organic consumer-friendly farming.

Methods for applications of bacteriophages for getting
maximum activity

Poor persistence on the phyllosphere is one of the lim-
iting factors for efficient biocontrol on crops by phage,
though various methods have been studied to minimize
this issue. With the availability of living hosts in the
rhizosphere and phyllosphere, phage persistence could
be improved (Balogh et al. 2003). Phage-based control
could be improved by applying the phage during dark
hours. Certainly, longer phage persistence was observed
in the phyllosphere when phage was applied in the even-
ing, allowing phage to infect and kill their targeted bacte-
ria (Buttimer et al. 2017).

A study conducted by Born et al. (2015) with vari-
ous substances to examine whether they protect phage
against UV showed that pure aromatic amino acids,
astaxanthin, tween 80, and casein as well as natural
extracts from beetroot, red pepper, and carrot are pro-
tective against UV radiations. None had any negative
effect on the stability and infectivity of phage. Hence, it
shows that a vast range of substances, which absorb UV
resulting in limiting its exposure to phage, can boost the
performance of phage in the phyllosphere. These pro-
tective effects are also observed with the use of biode-
gradable polymers (Nga et al. 2021). Also, Balogh et al.
(2003) showed improved activity of phage by applying
the following combinations with phage: (1) 0.5% sucrose
and 0.75% skim milk, (2) 0.5% sucrose and 0.5% (PCF)
pregelatinized corn, and (3) 0.25% (PCF) pregelatinized
corn, 0.5% sucrose and 0.5% Casecrete NH400. These
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experiments were performed with phages against Xan-
thomonas campestris pv. vesicatoria on tomato plants
in field and greenhouse trials. All formulations mostly
showed improved disease control (Collinge et al. 2022).

Commercialization of bacteriophages as a biocontrol agent
In the last decade, various biocontrol agents have been
introduced into the market commercially. Omnilytics
is a first-ever USA-based company that received reg-
istration regarding phage-based biocontrol products.
Agriphage is a phage-based product that can control
the bacterial spots of peppers and tomatoes (Nawaz
et al. 2016). Another Hungarian-based company Envi-
roinvest received registration regarding their product,
namely Erwiphage, designed to control apple tree disease
(Epstein and Bassein 2003). Besides, a Scottish company
owns a product, namely APS biocontrol, specialized for
the control of soft rot diseases caused by Enterobacteriace
(Crane and Giddings 2004). However, in some countries,
there are some gaps and delays in legislation to allow the
biocontrol agent in controlling bacterial plant diseases.
This problem was arisen due to the constant changing of
newly emerging strains of target bacterium. The problem
could be overcome by the adaptations of new emerging
strains as well as constant updating. Moreover, the leg-
islation related to phage biocontrol should be pliable for
the best applications and implementation of biocontrol
agents (Murray et al. 2008).

Legal status of bacteriophages as biopesticides

Notably, microbial biocontrol agents (MBAs) are highly
effective biopesticides made of living microorganisms.
Though viruses ought not to be categorized this way, the
international regulatory framework categorizes viruses
along with other true microorganisms, ie, fungi and
bacteria (Chatzopoulou et al. 2020). Concerning vari-
ous pesticides, before marketing and registration, MBAs
ought to go through very cautious hazard assessment to
environmental fate and food safety. The evaluation sys-
tem of the EU was first established in regulation 91/414/
EEC, followed by directive 1107/2009 which annulled
and succeeded the regulation. Along with its execution,
just 26% of registered Plant Protection Products (PPP)
and active substances qualified the audit, compared to
those under regulation 91/414/EEC. Hence, because of
increased awareness about environmental and consum-
ers safety, only 1/4™ of the active substances have not
been annulled in agriculture. In the USA, the regulatory
framework is less complicated, because only two admin-
istrations are concerned, the Food and Drug Adminis-
tration (FDA) and Environmental Protection Agency
(EPA) (Hazards et al. 2017). On the other hand, in Euro-
pean Union EU has at least four main administrations
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involved: the committee on Plants, Animals, Food and
Feed (PAFF Committee), the Directorate-General for
Health and Food Safety (DG SANTE), the European
Food Safety Agency (EFSA), that provides risk communi-
cation and risk assessment and the Rapporteur Member
State, where the candidate presents a report that con-
tains all related data on the MBA (Spok et al. 2008). The
participant states are categorized into three assessment
zones. The MBA could be incorporated in the list of per-
mitted active substances, at the end of the procedure that
requires 26—36 months. On patenting bacteriophages, a
comprehensive insight is provided by Holtappels et al.
(2021), where they found a great association between the
patent documents and published papers. Approved pat-
ent calls are quite comprehensive covering application
methodology. The increased patenting activity and pub-
lishing show there is great interest in bacteriophages. On
the contrary, very few bacteriophages based legal biopes-
ticides are available commercially. In a reported opinion,
EFSA removed bacteriophages from the Qualified Pre-
sumption of Safety (QPS). The QPS list enlists microor-
ganisms deliberately introduced into the feed and food
production chain. In 2007, it was first established that in
the framework of commercial approval, it is updated and
revised every year by EFSA. List as: (1) the last level of
taxonomy (Caudovirales order) is too big, (2) shortage
of detailed assessment at the genomic level to differenti-
ate between non-transducing and transducing bacterio-
phages or if they contain virulence factors (Svircev et al.
2018). Therefore, raised safety concerns in the EU end
up leading to comparatively rigid registration procedures
and regulations before the products could be commer-
cialized in the market. Ultimately, Svircev et al. (2018),
presenting the potential of bacteriophages in agricultural
sciences, precisely detected potential complications of
bacteriophages used as biological control agents. Other
than the fact that it could lead to phage resistance in host
bacteria, real hurdles for its registration as a Microbial
biocontrol agent are the formation of pseudo lysogens or
lysogens and that bacteriophages can act as a carrier for
MGEs (mobile genetic elements), comprising AMR (anti-
microbial resistance genes), also stated by various scien-
tists (Svircev et al. 2018).

Conclusions

To control plant disease effectively, a proper disease
management strategy involving various integrated tech-
niques is usually required. At present, phage biocontrol
is a new, but very uncommon approach. Phages, on the
other hand, have many qualities that can help to expand
the arsenal of crop disease management. Furthermore,
phages have the natural ability to evolve to overcome
resistance to new bacterial strains or phage resistance.
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They can be used in conjunction with other biocontrol
or chemical agents. Their sensitivity to certain soil con-
ditions and UV light could be a drawback to their utili-
zation. However, some of these limitations have been
overcome by changing the time of phage application, and
the use of UV protectant formulas to the crops to prevent
interactions with chemical pesticides.

Pesticide companies are focusing more on biopesticides
and shifting their investments away from chemical pesti-
cides. The pesticide industry is about $56 billion worth,
with biopesticides accounting for only $2-3 billion. On
the other hand, biopesticides in the future are likely to
overtake chemical pesticides. This shift is thought to be
the result of the rising demand of customers for chemi-
cal-free foods and the increased legalization of synthetic
pesticides in some parts of the world. Furthermore, many
biopesticides are potentially less expensive to develop
and commercialize. With the current economic environ-
ment, increasing activity in the development of phage as
biocontrol agents as a feasible crop disease control strat-
egy is expected in the future. Being all-natural makes
bacteriophages ideal for organic farming.
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